Electrical synapses are emerging as complex structures, consisting of gap junction-forming connexin proteins and also multiple scaffolding and regulatory protein components, which were assumed to be symmetrically organized across these synapses; however, new findings reveal their synaptic asymmetry.
Engineering a functionally and structurally complex edifice through collective effort is a lesson we can learn by observation of the way complex arrays of proteins are organized to accomplish their functions in biological systems. Late in the last century, it was becoming clear that the majority of proteins during their life cycle, from synthesis to degradation, engage in direct molecular interactions with numerous other proteins. Instructive examples of the assembly of multi-protein complexes are those associated with cellular structures sufficiently large to be visualized ultrastructurally. These structures include membrane-associated structures such as adherens junctions, tight junctions, and neuronal pre-and post-synaptic densities, whose protein constituents include those that provide for structural scaffolding, mediate interactions with the cytoskeleton, or function as effector targets of intracellular signaling. Understanding the details of how each protein contributes to the overall function of a fully operational subcellular structure are laborious works in progress, but any illumination along these lines is gratifying. This is the case in the report by Marsh et al. [1] in this issue of Current Biology, where they examined the localization and essential functions of a particular scaffolding protein that is associated with electrical synapses in zebrafish and in mammals.
Although only recently recognized to occur widely in the mammalian central nervous system (reviewed in [2] ), direct electrical transmission between neurons has been known to exist for almost as long as has chemical neurotransmission.
Electrical synapses occur at gap junctions between neurons and are constructed from a limited number of the twenty members of the family of gap junctionforming connexin proteins. In mammals, most electrical synapses are composed primarily of Cx36. In teleosts, which includes the zebrafish used by Marsh et al. in their recent study [1] , two successive partial gene duplications led to the generation of four orthologs of mammalian Cx36, designated Cx35 (Cx35.1 and Cx35.5) and Cx34 (Cx34.1 and Cx34.7) (John O'Brien, personal communication).
Different neuronal compartments can be linked by gap junctions, including dendrites, somata, axons, and axon terminals. Dendro-dendritic, dendrosomatic and somato-somatic gap junctions have been designated 'purely electrical synapses', whereas those between axon terminals and postsynaptic structures are designated as 'mixed' synapses because neurotransmission is thought to occur via dual chemical and electrical transmission, at least in the few examples investigated electrophysiologically. The synapses examined by Marsh et al. [1] occur between the axons of two prominent brainstem Mauthner neurons that descend in the spinal cord and form abundant gap junctions with the primary process of commissural local (CoLo) interneurons ( Figure 1 ) [3] . Designation as purely electrical or mixed synapses would depend on whether, in addition to electrical transmission, chemical transmission occurs from the Mauthner axon to each CoLo primary process in zebrafish, which is not known.
Gap junctions consist of either identical connexins (homotypic junctions) or contain from two to five different connexins (heterotypic junctions) in apposing plasma membranes. Although both types commonly occur in the mammalian central nervous system [4] , heterotypic purely electrical synapses have not yet been found. However, there were early hints that Mauthner cells in goldfish form mixed synapses via heterotypic gap junctions shared with auditory primary afferents [5] ; and subsequent studies established that these were composed of Cx35 on the primary afferent presynaptic side and Cx34.7 on the Mauthner cell postsynaptic side [6] . Miller et al. [7] (Miller being the senior author on the new paper in this issue) had previously shown that electrical synapses at Mauthner cell axon/CoLo contacts in zebrafish are heterotypic, consisting of the zebrafish Cx36 orthologs Cx35.5 presynaptically in Mauthner cell axons and Cx34.1 postsynaptically in CoLo interneurons, and that each connexin is required for the other to be localized at these synapses, as also found in other cell types [8, 9] . With the previous demonstration that Cx34.7 is postsynaptic at club ending/Mauthner cell synapses [6] , the two Miller papers reveal that Mauthner cells synthesize both Cx35 and Cx34 orthologs, but that they sort Cx34 orthologs to the post-synaptic side at club ending/Mauthner cell synapses and Cx35 orthologs to the presynaptic Mauthner cell axon side at CoLo synapses.
The mammalian ortholog of the scaffolding protein on which Marsh et al. [1] focus is zonula occludens-1 (ZO-1), the zebrafish counterpart of which is termed tight junction protein 1b (Tgp1b). This was an unfortunate choice of nomenclature because while ZO-1 was originally considered to be a tight junctionassociated protein, it was subsequently found at adherens junctions and then was reported to interact with connexin43 protein and to occur at Cx43-containing gap junctions [10] . That report was seminal because at least ten other connexin family members were later found to interact with ZO-1, including Cx36 [11] and its goldfish ortholog Cx35 [12] , suggesting ZO-1 to be an integral component of a large variety of gap junctions, including those forming electrical synapses. ZO-1 has over a dozen different interaction partners, ranging from cytoskeletal and regulatory proteins to other scaffolding proteins; and various studies have shown the requirement of connexin/ZO-1 interaction for normal function of gap junctions in a variety of cell types [13] .
To address the role of Tjp1b at the electrical synapses between the Mauthner cell axon and the primary CoLo process in zebrafish, Marsh et al. [1] used a series of elegant mutational and imaging approaches. They first showed that Tjp1b is localized to electrical synapses composed of Cx35.5/Cx34.1 at Mauthner axon/CoLo contacts. After mutational ablation of the tjp1b gene, both connexins are lost at these contacts, indicating a requirement of Tjp1b for gap junction formation. They confirmed their earlier finding that these two connexins were localized to opposite sides of individual gap junctions, and that Tjp1b was localized only to the postsynaptic, Cx34.1-containing side. As noted by Marsh et al. [1] , this was surprising because, from studies of connexin/ZO-1 at purely electrical synapses in mammalian systems, it would have been expected that, like the symmetric localization of Cx36 at each side of homotypic gap junctions, gap junctionassociated proteins would have a similar symmetric distribution. It is not clear, however, whether this logic applies to Mauthner axon/CoLo heterotypic gap junctions, which as noted above may have the additional distinguishing feature of being mixed synapses. Further, it is not known whether ZO-1 has an asymmetric localization at mixed synapses formed by Cx36 in mouse or rat brain. In this context, we note that if these are indeed mixed synapses, the finding of Tjp1b localization only on the postsynaptic side of Mauthner axon/CoLo contacts would be consistent with the asymmetry of ultrastructurally detectable dense material, referred to by Marsh et al. [1] as the 'electrical synapse density' (ESD) that has long been observed but not explicitly recognized at the gap junction component of primary afferent club ending mixed synapses on goldfish Mauthner cells [14] and at some mixed synapses in the mammalian brain [15] . In both cases, there is a much more extensive electron-dense cytoplasmic matrix on the postsynaptic side, which could reflect the presence of Tjp1b and its associated macromolecular proteins.
Marsh et al. [1] then used transplantation approaches, creating chimeric zebrafish, where only the mutant presynaptic Mauthner axon or only the mutant postsynaptic CoLo interneuron was devoid of Tjp1b, with the mutant cell identified by GFP expression. The results were striking: lack of Tjp1b in the presynaptic axon allowed normal formation of gap junctions containing Cx35.5/Cx34.1, whereas both connexins were absent when Tjp1b was deleted from the postsynaptic CoLo interneurons. In a set of rescue studies, the authors showed that in chimeras created by transplantation of wild-type cells into Tjp1b-ablated hosts, normal gap junctions containing Cx35.5/Cx34.1 at Mauthner axon/CoLo interneuron contacts formed only when chimeras consisted of wild-type CoLo interneurons in animals otherwise lacking Tjp1b, but not in chimeras consisting of presynaptic wild-type Mauthner cells. These results clearly indicate the requirement of Tjp1b specifically on the postsynaptic side of gap junctions and not the presynaptic side for assembly of electrical synapses.
These new findings provide some insight into the role of Tjp1b and possibly its mammalian ortholog at electrical synapses, and they raise several questions. Since both connexins are required for formation of these synapses, it appears that despite the critical requirement of Tjp1b for synapse integrity, Tjp1b cannot in itself support the formation of a stable Cx34.1 hemiplaque on the postsynaptic side in the absence of presynaptic Cx35.5. If Tjp1b is dispensable on the presynaptic side, what are the rules that govern assembly of Cx35.5 into hemiplaques on that side of the junction? For example, following Tjp1b-mediated Cx34.1 assembly, do Cx35.5 connexons passively accumulate at sites of Cx34.1 connexons for head-tohead formation of heterotypic channels? Or are scaffolding proteins other than Tjp1b required for assembly of Cx35.5 into plaques? Are these findings applicable to electrical synapses in general, or are they peculiar to the specialized electrical synapse between a Mauthner cell axon and what has been identified [3] as the initial unmyelinated segment of the axonal process of a CoLo Mauthner cell (MC) axon terminal forming electrical/mixed synapse onto initial unmyelinated segment of axon from commissural local (CoLo) neuron, before the axon decussates to innervate motor neurons on the contralateral side. ESD = electrical synapse density (asymmetric); ? = not yet determined if this is a mixed synapse, with synaptic vesicles and post-synaptic receptors. Modified from [18] . interneuron (i.e., axo-axonic synapse)? Another outstanding question is the mechanism underlying the requirement of Tjp1b for the construction of an electrical synapse. At electrical synapses in mammalian brain, ZO-1 directly interacts not only with Cx36 [11] , but also with cytoskeletal actin and its associated protein cingulin, as well as with AF6 (aka, afadin), which is an effector target for intracellular signaling pathways [16, 17] . Each of these ZO-1-associated proteins has additional downstream interaction partners that themselves likely serve critically important functions. Thus, ZO-1 may serve as a hub for connexin nucleation, and its absence could produce a cascade of disruptions that are reflected in the innovative work by Marsh et al. [1] .
